With the help of the diffraction method we developed, we can get the crystal orientation distribution of the entire polycrystalline graphene very quickly and easily. In contrast, for SAED in TEM, when we magnify the selected area and use large diameter aperture, the diffraction information of the TEM grid (In this paper we use SACNT film on copper grid as TEM grid) is included in the diffraction pattern, thus making the diffraction pattern of the graphene difficult to recognize. Figure S1 shows three SAED patterns of polycrystalline graphene on copper/SACNT TEM grid with different aperture sizes. When the aperture is 100 nm large, the diffraction information of the copper/SACNT is not included in the diffraction pattern, so the diffraction spots of graphene are sharp and clear ( fig. S1A ). When the aperture gets larger (4 μm), the diffraction information of the TEM grid (especially SACNT film) is included in the diffraction pattern. The diffraction patterns of some SACNTs (A typical diffraction pattern of SACNT film is shown in the inset in fig. S1B) overlap with that of graphene, so the diffraction spots of graphene get dim and the contrast gets lower ( fig. S1B ). When the aperture is adjusted even larger (15 μm), diffraction patterns of thousands of SACNTs with different chirality indices (A typical diffraction pattern of SACNT film is shown in the inset in fig. S1C ) overlap together with that of graphene. The diffraction intensity of one-atom thick graphene is much weaker than 7-11 nm thick SACNTs, so the diffraction spots of graphene cannot be recognized ( fig. S1C ). Thus, it is infeasible to increase efficiency in characterizing graphene by using a large-size aperture. If we intend to completely characterize the crystalline nature of a graphene island of mm 2 size by SAED with a small diameter aperture (100 nm), we need to take at least 10 8 diffraction patterns, which is more time-consuming than our method. For this reason, in SAED characterization we usually select some sample points on graphene and take a few diffraction patterns of them. These patterns are assumed to represent the crystalline nature of the entire graphene. The SACNT film is composed of multiwalled carbon nanotubes (MWCNTs) of diameter 7-11 nm and 6-10 layers.
The scattering cross-section of low-energy electrons (~1 keV in this study) is much higher than that of high-energy electrons (about 200 keV) as generally used in the conventional TEM. Therefore, it is difficult for the low-energy electron beam to penetrate the graphitic layers. Figure S2A shows the very weak diffraction pattern of SACNT film taken at 1 kV. Only by increasing the acceleration voltage to 3.5 kV can we recognize the diffraction patterns of the SACNT film, as shown in fig. S2 (B and C). Furthermore, SACNT film is a porous network. The CNTs only occupy approximately 10% of the entire area for a single-layer SACNT film. Thus, the projected area of CNTs in CNT/graphene hybrid film (CGF) is much smaller than that of graphene. (The diffraction patterns of the SACNT film shown in fig. S2 (B and C) were taken by using four-layer SACNT film sample). The CGF in our experiment is usually composed of two-layer SACNT film. The diffraction intensity of this SACNT film is thus much weaker than that of graphene in low-energy electron system (1 keV). Figure S2D shows the diffraction pattern of CGF taken at 1 kV. The diffraction spots of graphene are very sharp, while no diffraction spots of SACNTs can be found.
We have also taken the diffraction pattern of CGF by 300 kV TEM ( fig. S2E ). The electron beam size was tuned to cover both graphene and cross-stacking SACNT film. As can be seen from fig When electron beam passes through two-dimensional (2D) materials such as graphene, the angle θ between incident electron beam and diffracted electron beam satisfies the equation
Here λ represents the wavelength of the electrons. d represents in-plane lattice spacing of graphene ( fig. S3A ). In contrast, when electron beam passes through traditional three-dimensional (3D) materials such as graphite, electrons will be diffracted by carbon atom planes ( fig. S3B ). The diffraction condition satisfies the equation
This is the classical Bragg diffraction equation. Here  ， is the angle between the incident electron beam and the crystal face. In this situation, the angle between the incident electron beam and the diffracted electron beam is 2 ， . It is worth noting that in usual SAED 2 ， and  are very small.
Since the wavelength of the electrons λ is much smaller compared to the lattice spacing d, we can deduce the approximation relation sin d d θ ≈ θ ≈ λ for electron diffraction of 2D materials. For 3D materials diffraction, 2 sin 2 d d θ ≈ θ ≈ λ ， ， . Since 2 θ = θ ， , equation (1) is approximately equal to equation (2) when λ is much smaller than d. Figure S3C shows a typical diffraction pattern acquired by small-size electron beam in the diffraction system. When we change the acceleration voltage, the distance from the diffraction spots and rings to the transmission central spot will change along with the diffraction angle θ . The curve of sin θ versus the wavelength of electrons λ was plotted, as shown in fig orientation and tick mark is presented. For the convenience of calculation and comparison, the demonstrated electron diffraction patterns were all taken at 1 kV, except for specially mentioned cases.
We have performed a 2D spatial mapping of a sub-mm graphene island ( fig. S4A and B ). When the electron beam was enlarged to cover the entire graphene island, the diffracted image of the graphene island could be observed ( fig. S4C ), which shows more than three sets of diffraction images. Then we focused the electron beam to a small size (about 400 µm), and mapped the graphene island point by point (step size ranges from 25 µm to 350 µm according to sample details). Figure S4 We carried out an experiment to measure the electron beam size. The polycystalline graphene synthesized on copper foil was used, which was patterned by photolithography and oxide reactive ion etching (RIE). Each graphene unit was 1 mm square with 1 mm pitch. The copper foil was oxidized in air at 200 C  to make the graphene array optically visible (23). Figure S6A shows the photograph of the copper with graphene array. The contrast between copper with graphene and oxidized copper can be recognized easily. Then we transferred this graphene array by CNT film-assisted method (21). Figure S6B shows the photograph of CGF prepared from the copper as shown in fig. S6A floating on water. The contrast between CNT/graphene and CNT can also be recognized, indicating that we transferred the graphene array completely. Then we placed the CGF sample in the diffraction system and scanned it with focused small-size electron beam. The scanning path was parallel to one edge of the graphene unit. When the electron beam passed through graphene, we could see the diffraction pattern of graphene, as shown in fig. S6C . When the electron beam passed through CNT film (without graphene), the diffraction pattern of graphene would disappear ( fig. S6D ). Based on this we recorded how far we moved the electron gun from the beginning when the diffraction pattern disappeared and came out (table S1). Because of the limited beam size, the distance between disappearing and coming out was shorter than the distance between coming out and disappearing. The bigger the beam size was, the bigger the difference was. Through this analysis, we could estimate the minimum electron beam size to be 369 μm.
As a comparison, we took the photograph of central beam spot at 1kV ( fig. S6E ), in which the phosphor screen was placed right behind the sample position. The blue central spot was measured to be 417 μm, which is close to the minimum electron beam size we estimated.
Beyond the experimental measurement, we also estimated it through theoretical calculation. By applying different voltages on the lens system in the diffraction system, the electron beam can be focused and defocused. According to our calculation, the electron beam can be focused to 406 μm, which is close to the value we estimated in diffraction experiment. It has been reported that monolayer graphene grown on Cu(100) film will exhibit clear multi-domain structure with two main orientations (29), so we characterized the crystal texture of the copper foil we used by electron backscatter diffraction (EBSD). Figure S7 (A and B) shows the scanning electron microscope (SEM) image of the copper after graphene growth and the EBSD map corresponding to the same region, respectively. To analyze the relation between the copper substrate and the crystal orientation of graphene, a series of diffraction patterns of this graphene were obtained ( fig. S8 ), and a map was used to illustrate the crystal orientation distribution ( fig. S8C ). From the map we see a boundary spanning the middle part, which is consistent with the grain boundary as shown in fig. S7B . Figure S7 (D, E and F) shows the representative diffraction patterns of the regions denoted as d, e, and f in fig. S7C , respectively. Figure S7D shows two sets of diffraction spots of 22° and 38°, respectively (the definition of angle  is shown in fig. S7D ). Figure S7E shows two sets of diffraction spots of 13° and 49°, respectively. Figure S7F Like graphene, monolayer MoS2 is another kind of 2D material which is intensely studied. One of the difference between monolayer graphene and monolayer MoS2 is the thickness. Monolayer MoS2 is three-atom-thick.
While the diffraction pattern of monolayer MoS2 can also be obtained via our method. Figure S9A shows many sets of diffraction spots. However, when the electron beam was adjusted to cover only a few MoS2 flakes, the crystal orientations of these MoS2 flakes could be clearly seen. Figure S8C shows the transmission electron diffraction pattern of MoS2 flakes with two crystal orientations. Here it should be noted that the size of single MoS2 flake is about tens of micrometers and much smaller than the beam size. Figure   S9C shows that the diffraction system is able to characterize domains as small as tens of micrometers.
Synthesis of MoS2
We grew MoS2 in a tri-temperature-zone tubular furnace (Lindberg/Blue M) equipped with a 1-inch-diameter note S10. Calculation of adsorption structure of water on graphene.
First-principles calculations were performed based on density functional theory (DFT) (44, 45) , using the Vienna ab initio simulation package (VASP) (46) together with the projector augmented wave method (47, 48) , a plane-wave basis with an energy cutoff of 400 eV and the Perdew-Burke-Ernzerhof generalized gradient approximation exchange-correlation functional (49). A modified version of van der Waals (vdW) density functional, referred to as "vdW-DF2" (50, 51), was employed to describe vdW interactions. Supercell slab models with a vacuum layer of 20 Å and a 5×5×1 Monkhorst-Pack k-point mesh (52) were applied to simulate water adsorption on graphene. Interatomic forces were relaxed to less than 0.01 eV/ Å in structure optimizations and total energies were converged to less than 1 meV per atom in self-consistent calculations.
To describe the interaction between water and graphene, two types of interaction energies were defined. One is for H2O molecules, the binding energy per molecule
where , and 2 represent the total energies of the adsorption system, the isolated graphene and H2O molecules, respectively, and n is the number of adsorbed H2O molecules. The other is for the water layer (corresponding to the adsorption system with graphene excluded), the adsorption energy per molecule
where represents the total energy of the isolated water layer. The energy difference
corresponds to the cohesive energy or hydrogen binding energy of H2O molecules in the water layer. Typically, , , and ∆ are negative for a stable adsorption configuration.
At the beginning, we simulated the adsorption of a single H2O molecule on a 4×4 supercell of graphene, fixing the molecular orientation and adsorption site but relaxing the adsorption distance. Typical results are summarized in fig. S11 . High symmetry adsorption sites of the oxygen atom, like the top and hollow sites, were considered. For H2O with an out-of-plane O-H bond, the top site is preferred ( fig. S11A ), giving = -131 meV.
For H2O with two in-plane O-H bonds, the hollow site is favored ( fig. S11D ), giving = -126 meV. The top site is most stable among all the adsorption sites we considered. The weak binding energy between H2O and graphene is consistent with the hydrophobic nature of graphene, which is mainly contributed by the vdW interactions.
We also calculated a water dimer, whose energy is 238 meV less than that of two isolated H2O molecules as induced by the hydrogen bonding. The strength of hydrogen bonds is stronger than that of the vdW interactions.
Therefore, would get enhanced by maximizing the number of hydrogen bonds per molecule.
Next we studied (33)R30 superstructures of water adsorbed on graphene, which have been studied previously (15, 16) . We compared different configurations of varying adsorption sites, and obtained an energetically favored configuration, as shown in fig. S12 . In this configuration, the oxygen atoms form a buckled honeycomb lattice with a lattice constant 3 times that of graphene. The two sublattices of oxygen are both on the top site, located 3.45 Å and 4.51 Å above the graphene plane, respectively. For the bottom sublattice, each H2O molecule has one hydrogen downwards and the other forming hydrogen bond with a neighboring oxygen. For the top sublattice, each H2O molecule forms two hydrogen bonds with two neighboring oxygens. This adsorption structure gives = -530 meV and = -77 meV. The binding energy is much stronger than that of single molecule, due to the formation of hydrogen bonds.
Usually deceasing the molecular coverage would weaken if breaking hydrogen bonds. This was confirmed by our calculations of removing H2O molecules from the (33)R30 superstructure. However, it is possible to get more stable structure of larger oxygen-oxygen distance and lower molecular coverage by reorienting the superstructure without hydrogen bond breaking. Before doing so, we studied a hexagonal ring of water adsorbed on a large 88 supercell of graphene ( fig. S13A ). We fixed the distance between neighboring oxygen atoms to be ~2.85 Å and the adsorption height between oxygen and graphene to be 3.42 Å for simplicity, and then calculated the adsorption energy as a function of orientation angle, as shown in fig. S13B . The 0 orientation angle gives the lowest adsorption energy.
After trying various orientations and adsorption sites, we indeed found a stable configuration with 0 orientation angle, that is the (2×2)R0° superstructure, as shown in Fig. 4H in the manuscript. Similar as the (33)R30 superstructure, all the hydrogen bonds are preserved and the oxygen atoms form a honeycomb lattice as well.
Differently, the honeycomb lattice is now flat and has a lattice constant two times that of graphene. The adsorption distance between oxygen and graphene is 3.42 Å, smaller than before. For the two sublattices, one H2O molecule is on the top site and the other is on the hollow site, whose orientations are similar as the most optimized adsorption configurations for isolated molecules adsorbed on the top and hollow sites, respectively ( fig. S11A and D) . This (2×2)R0° superstructure has more optimized configuration of H2O molecules in comparison with the (33)R30 superstructure, leading to stronger binding energy = -591 meV and adsorption energy = -105 meV.
When compared with our diffraction experiment, the simulated {10-10} diffraction spots of (2×2)R0° water adsorption as shown in Fig. 4L in the manuscript are consistent with the diffraction pattern of water adsorption we observed, but we cannot find any other diffraction spots of (2×2)R0° adsorption water corresponding to We put the CGF in a cryo-TEM (300 kV) and took electron diffraction patterns. Two diffraction spots of adsorbates (presumed to be water molecules) near the center were observed, as shown in fig. S14 . These two diffraction spots have the same orientation as two of the diffraction spots of graphene and the lattice spacing corresponding to these two diffraction spots is twice that corresponding to {10-10} diffraction spots of graphene, which coincides well with the results in the diffraction system. Based on these two features, we presumed that the adsorbates might form ice chains of single crystal orientation on this scanning area. note S12. CNT field emitter as cathode.
fig. S15. Transmission electron diffraction pattern of graphene acquired using a CNT FEG.
Usually we used thermionic electron gun in the diffraction system. Actually, the field emission gun (FEG) could also be used. Figure S15 shows the diffraction pattern of polycrystalline graphene acquired with a CNT FEG.
Movie Captions movie S1. Crystalline characterization of a single-crystal graphene island. When we scanned a single-crystal graphene island, the angle of hexagonal diffraction spots remained unchanged. movie S2. Crystalline characterization of a polycrystalline graphene island. When we scanned a graphene island including more than one single crystal graphene domain, the angle of hexagonal diffraction spots changed at the 11 th second.
movie S3. Diffraction pattern of adsorbates on graphene. Observation and gradual disappearance of the diffraction pattern of the adsorbates on graphene. movie S4. Another diffraction pattern of adsorbates on graphene. When we moved the electron gun to a new positon, the diffraction pattern of the adsorbates could also be observed and disappeared again. movie S5. Diffraction pattern of water adsorption on graphene after water spray. We first heated the CGF to incandescence in a vacuum, then we sprayed water mist on the CGF sample for two minutes. The diffraction pattern of the adsorbates corresponding to the same region in movie S4 appeared again at the 3 rd second of this video and disappeared due to electron irradiation. movie S6. Diffraction pattern of adsorbates of one crystal orientation on graphene in cryo-TEM. We put the CGF in a cryo-TEM (300 kV) and took electron diffraction patterns. We could observe two diffraction spots of the adsorbates (presumed to be water molecules) near the center at the 1 st second of this video and they disappeared quickly. These two diffraction spots have the same orientation as two of the diffraction spots of graphene. The lattice spacing is twice that corresponding to {10-10} diffraction spots of graphene. movie S7. Diffraction pattern of adsorbates of two crystal orientations on graphene in cryo-TEM. At the 2 nd second of this video four diffraction spots of the adsorbates (presumed to be water molecules) near the center could be observed and disappeared in a second (one of the diffraction spots was blocked). These four diffraction spots have the same orientation as four of the diffraction spots of graphene. The lattice spacing is twice that corresponding to {10-10} diffraction spots of graphene.
Different from the long exposure time (15 s) for taking photos as shown in Fig. 4 (A-D) , the exposure time of video recorder is very short (movies S1-S5). To record the videos of adsorption and desorption, the intensity of electron beam was tuned large. Thus, the diffraction patterns of the adsorbates shown in videos disappeared much faster.
